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AN INSWILITY EFFECT ON TWO-PHASE HEAT TRANSFEX 

FOR SUBCOOIED WATER FLOWING UNDER 

CONDITIONS OF ZSRO GRAVITY* 

By S .  Stephen Papell 

Lewis Research Center 

SUMMARY 

Subcritical, subcooled boiling heat-transfer data were obtained for dis- 
tilled water flowing through a resistance-heated tube in a gravity-free envi- 
ronment lasting approximately 15 seconds. Two types of flow models were found 
to exist under identical test conditions. 
tary interruption of flow forced the transition from a highly subcooled bubbly 
flow to a postulated slug flow that resulted in a 16-percent increase in local 
heat-transfer coefficients. The slug-flow regime was described as consisting 
of two phases in a highly nonequilibrium thermodynamic state. A duplication of 
test conditions that produced the transition in a zero-gravity environment 
failed to do so under Earth-gravity conditions. 

An instability initiated by a momen- 

INTRODUCTION 

Forced-flow heat-exchange devices operating in space vehicles can be sub- 
jected to flow and heat-transfer phenomena peculiar to a zero- or near-zero- 
gravity environment. The design of such devices must be based on an under- 
standing of the effect of the gravitational body force on the heat-transfer 
mechanisms involved. In order to take advantage of the high heat-transfer 
rates generally associated with forced convective subcooled boiling, an inves- 
tigation in that particular heat-transfer regime would be warranted. The 
literature does not contain experimental heat-transfer data for forced convec- 
tive boiling when the flow system is encountering zero gravity. 
the literature (refs. 1 and 2)  are several zero-gravity pool-boiling experi- 
ments that contribute to an understanding of the ebullition process, but the 
added complexity of the fluid velocity in forced-flow systems minimizes their 
usefulness. 

Described in 

A general investigation was initiated at the NASA Lewis Research Center to 
determine the effect of the body force on the heat-transfer mechanism under in- 
creased and reduced gravities, including zero gravity. The results reported 
herein were obtained from a forced-flow water heat-transfer apparatus using a 
resistance-heated tube for heat flux. The apparatus was installed in the test 
bed of the NASA airplane zero-gravity facility, where it was possible to pro- 
vide an environment of approximately 15 seconds of zero and near-zero gravity 
by flying the airplane through Keplerian trajectories. 

* Presented at American Rocket Society Meeting, Los Angeles, California, 
November 13-18, 1962. 



Subcritical, subcooled boiling heat-transfer data were obtained throughout , 

the zero-gravity trajectory. 
report was to determine whether a zero-gravity environment could influence the 
nature of two-phase flow patterns. 
detected in the heat-transfer results. A substantial change in the heat trans- 
fer was found after a momentary flow interruption. The change in heat transfer 
is discussed in terms of an alteration in the flow pattern peculiar to a zero- 
gravity environment. 

The purpose of the experiments given in this 

Any changes in the flow pattern would be 

SYMBOLS 

A area 

specific heat at constant pressure cP 
d inside diameter of tube 

E voltage 

h heat-transfer coefficient 

I current 

k thermal conductivity 

L total length of test section 

Ncalc Nusselt number computed from modified Colburn equation, 
0.021 ReO*8PrO*4 

Nexp experimental Nusselt number, obtained from measured heat-transfer 
coefficient, hd/k 

Pr 

Q 

Re 

r 

T 

v 
X 

A 

2 

Prandtl number, c p/k 

heat flow 
P 

heat flux per unit area 

Reynolds number, pVd/p 

radius of tube 

temperature 

velocity 

distance to thermocouple station measured from beginning of heated por- 
tion of test section 

heat of vaporization 



' IJ. viscosi ty  

p density 

u) mass-flow r a t e  

Subscripts: 

av 

b 

i 

i n  

2 

0 

S 

V 

X 

average 

bulk f l u i d  

inside surface of t e s t  section 

i n l e t  

l iqu id  

outside surface of t e s t  section 

saturat ion 

vapor 

distance t o  thermocouple s t a t ion  measured from beginning of heated por- 
t i on  of test section 

EXPERIME;NTAL EQUIPMENT 

Flow System 

Figure 1 is a schematic repre- 
sentation of the flow system fo r  ob- 
ta ining steady f l u i d  flow through 

4 Power input 

chamber the t e s t  section i n  a zero-gravity 
environment. D i s t i l l ed  water was 
contained i n  a neoprene expulsion 
bladder in s t a l l ed  in the tank up- Flow-control valve 

expulsion bladder- 

Figure 1. - Schematic drawing of flow system. 

stream of a flow measuring o r i f i ce .  
Nitrogen gas, a t  controlled pres- 
sures, introduced between the inner 
w a l l  of the  tank and the outer sur- 
face of the bladder expelled the 
f l u i d  through the flow system. 

Mixing chambers consisting of a 
system of baf f les  were in s t a l l ed  be- 
fore  and a f t e r  the test  section t o  
eliminate temperature s t r a t i f i c a t i o n  
i n  the  f l u i d  bulk. 
valves and regulators controlled the  
f l o w  rate and the pressure l e v e l  

A system of 
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throughout the system. The f l u i d  
discharged in to  the  col lector  tank, 
which a l s o  contained an expulsion 
bladder t o  allow f o r  recycling. To 
minimize contamination problem, the 
piping apparatus w a s  constructed en- 
t i r e l y  of s ta in less  s t e e l .  The appa- 
ratus in s t a l l ed  i n  the  airplane 
( f i g .  2 )  was designed t o  be contained 
i n  a 3-foot cube. 

T e s t  Section 

Figure 3 i s  a schematic drawing 
of the  instrumented t e s t  section 
showing measuring s ta t ions  fo r  w a l l  
temperatures, pressures, and voltage 
drops. The nickel-alloy tubing used 
had a 0.3ll-inch inside diameter and 

sistance-heated portion of the tes t  
sect ion w a s  6.5 inches long. Iron- 
constantan thermocouples, pressure 
tubes, and voltage taps were s i l v e r  
soldered t o  the tube. 

C-61171 a 0.012-inch w a l l  thickness. The re- 
Figure 2. - Test apparatus. 

v Voltage 
T Iron-constantan thermocouple 
P Pressure tap 

Electrode-! ,Electrode 
TI1 T I 3  

0.75J 

A 9000-watt a l te rna tor  
driven by one of the airplane 
engines supplied power t o  heat 
the tes t  section through two 
electrodes brazed t o  the outer 
w a l l  of the tube. The power 
input w a s  controlled by a sys- 
t e m  of transformers and a 
motor-driven powerstat. The 
ve r t i ca l ly  ins ta l led  tes t  sec- 
t i on  was e l ec t r i ca l ly  insula- 
ted from the res t  of t he  flow 
system and was wrapped i n  
f ibe r  glass  t o  minimize ambi- 
ent  heat l o s s .  

Figure 3. - Schematic drawing of test section showing positions of ther -  
mocouples and pressure and voltage taps. (Dimensions in inches. 1 

Instrumentation 

Bulk temperature and pressure measurements were obtained i n  the mixing 
chambers located a t  the i n l e t  and 07-ztlet ends of the test section. The t e s t  
section i tself  w a s  instrumented with 1 2  thermocouples made of 28-gage iron- 
constantan w i r e s  ins ta l led  i n  two rows along the length of the  tube located 
180' apart .  The f ive  pressure taps were made of 0.035-inch-outside-diameter 
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. s ta in less -s tee l  thin-wall tubing. The f i v e  voltage taps were made of 28-gage 
copper wires. 

A l l  the  basic data, including temperatures, pressures, flow rates ,  and 
alternating-current tube voltages, were converted t o  low-voltage d i rec t  current 
s o  that they could be recorded on a multichannel oscillograph. 

Zero-Gravity Fac i l i t y  

The experimental apparatus and the re la ted  instrumentation were ins ta l led  
i n  the t e s t  bed of the airplane.  

plane consisted of a dive t o  pick up speed followed by a 2--g pullup in to  a bal- 
l i s t i c  path. 
obtained i n  t h i s  manner. 

The zero-gravity t ra jec tory  flown by the a i r -  
1 
2 

Maximum periods of 15 seconds of  zero and near-zero gravity were 

Three accelerometers ins ta l led  i n  the tes t  bed d i r ec t ly  over the  tes t  
package measured pitch, yaw, and roll. The frame of the airplane experienced a 
loading between 0 and 0.02 g throughout the  15-second interval .  
paratus was t i e d  t o  the frame of the airplane and w a s  remotely monitored 
through a control panel ins ta l led  i n  the cockpit. 

The test ap- 

EXPERIMENTAL PROCEDURF: 

The controlled variables for operating the tes t  apparatus included system 
pressure, flow rate, and pawer t o  heat the tes t  section. With the airplane i n  
posit ion t o  s t a r t  the t ra jectory,  the desired system pressure and flow r a t e  
w e r e  s e t .  A t  the start  of the dive, the e l e c t r i c a l  power t o  the tes t  section 
was turned on t o  allow time f o r  steady-state conditions t o  prevai l  before the 
zero-gravity portion of the t ra jec tory  was entered. 
on during the pullup and ran continuously during the balance of the t ra jectory.  
A f t e r  3 seconds i n  zero gravity the in s t ab i l i t y  e f fec t  reported herein w a s  
i n i t i a t e d  by a momentary interruption of flow tha t  las ted  approximately 1 sec- 
ond. A t  the  end of the t ra jectory,  the power, the flow, and the recorders were 
turned off ,  and preparations were made t o  set  up another data run. 

The recorders were turned 

The data obtained in t h i s  investigation included a system pressure of ap- 
proximately 50 pounds per square inch absolute, a flow rate of 0.20 pound per 
second, a heat f lux  of 1.40 Btu per second per square inch, and a range of sub- 
cooling from 175' t o  198' F. 

Instrumentation calibrations w e r e  made pr ior  t o  each f l i g h t  by using ref- 
erence measuring devices t o  ensure continuous accuracy. 

COMPUTATION AND DATA PRESENTATION 

Figure 4 i s  a p lo t  of typical  data obtained during the zero-gravity por- 
t i on  of the t ra jec tory  and i l l u s t r a t e s  the change i n  inside-wall-temperature 
d is t r ibu t ion  along the tube before and a f t e r  the flow perturbation. Inside 
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w a l l  temperature is plot ted against  ther-  
mocouple location, and a s ign i f icant  drop 
i n  temperature is  observed a f t e r  a flow 
interruption even though there  were only 
minor changes i n  t e s t  conditions. During 
the flow interrupt ion the w a l l  tempera- 
tu res  increased approximately ZOOo F ex- 
cept f o r  several  posit ions that were ob- 
viously approaching a dry w a l l  condition 
o r  vapor blanketing. 
flow r a t e  a f t e r  the short  i n t e rva l  of zero 
flow (1 sec)  prevented the  tube from 
burning out. 
tained during three other t r a j ec to r i e s .  
The d i f f i cu l ty  of operating t h i s  close t o  
a burnout condition severely l i m i t s  the 
amount of data t ha t  can be obtained with 
the  present apparatus. Computations were 
made t o  determine l o c a l  values of heat 
f lux,  inside wal l  temperature, and bulk 

A recovery of the 

Similar r e su l t s  were ob- 

Figure 4. - Changes in wall-temperature distri- 
bution along tube before, dur ing ,  and after 
flow instability in zero gravity. Steady-state 
oressure. 44 oounds oer sauare inch  absolute: 

temperature. The heat f l ux  w a s  obtained 
d i r ec t ly  from measured values of current 
and voltage drop by means.of the equation 

i a s s  flow, 0 . i ~  pound per second; heat flux, ' 

1.40 Btu per second per square inch. 3 g  q = 0.948Xl-0- A i  

The f ive  voltage taps spaced over the length of the tes t  section were used t o  
ver i fy  the l i n e a r i t y  of the voltage drop t o  j u s t i f y  using t h i s  equation. 

Since the heat-transfer coeff ic ient  is based on heat f lux  from the inner 
surface of the tube, the measured outside wal l  temperatures were corrected for 
temperature drop through the w a l l .  
i n t e rna l  power generation was  used (ref. 3): 

A theore t ica l  equation tha t  assumes uniform 

The l o c a l  bulk temperatures were obtained by assuming sensible heating of 
the f l u i d  a s  indicated by the equation 

&x 
%,x = %,ill + - 

*P 
( 3 )  

The second term on the r igh t  side of the equation is a measure of the tempera- 
t u re  r i s e  of the f l u i d  caused by the heat  input.  
each thermocouple s t a t i o n  and added t o  the measured i n l e t  bulk temperature t o  
obtain l o c a l  bulk temperatures. 
cepted a s  va l id  f o r  the data before the i n s t a b i l i t y  because of the high sub- 

This term was evaluated a t  

The sensible heating assumption can be ac- 
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cooling involved. It was also 
used for the data after the in- 
stability, even though it is re- 
alized that the sensible heating 
assumption is incorrect, for the 
fluid described later as con- 
sisting of two phases in a 
highly nonequilibrium state. It 
is not possible to calculate the 
amount of latent heat present 
without knowing the void distri- 
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" 2 ,  but ion. 

Figure 5. - Change in averaqe heat-transfer coefficients as 
result of flow instability Inzero gravity. Local heat-transfer coef- 

f icient-s were calculated from 
the data illustrated in 
figure 4 by using equa- 

U 
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Figure 6. -Comparison between nucleate- and slug-flow data using nucleate- 
boiling correlating parameter. perturbation was initi- 

the zero-gravity portion of the trajectory, and the change in the average heat- 
transfer coefficient remained constant throughout the balance of time in zero 
gravity. 
represent an increase of the order of 16 percent. 

The different levels of heat transfer, indicated by the solid lines, 

Figure 6 is presented to show that the heat-transfer rates on both sides 
of the instability are in the boiling regime. 
represents a modified correlation of forced-flow nucleate-boiling heat-transfer 
data obtained from reference 3. 

The solid line in the figure 

The correlatfng equation is 

for values of 
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The parameter plotted on the ordinate is the ratio of the experimentally 
determined boiling Nusselt number to a calculated nonboiling Nusselt number 
based on a Colburn-type equation (ref. 4). 
unity for all data obtained under nonboiling conditions. When boiling per- 
sists, this ratio becomes greater than 1 because of the increased heat-transfer 
coefficient in the Nusselt number. The incipience of boiling occurs at the 
point where the Nusselt number ratio departs from a value of unity. 
ing portion of the curve has a slope of 0.7. 

This ratio remains at a value of 

The boil- 

The parameter plotted on the abscissa is made up of a group of dimension- 
less parameters obtained by dimensional analysis from basic considerations. 
Liquid and vapor densities used in the correlation are evaluated at saturation 
conditions, and the specific heat is evaluated at the mean temperature between 
saturation and bulk. 

The correlation of reference 5 was applied to the data presented in fig- 
ure 4 and the results presented in figure 6. Data obtained before the flow in- 
stability plot readily along the line representing the nucleate-boiling corre- 
lation. Data obtained after the instability plot parallel to the line but con- 
sistently high, which indicates a higher heat-transfer coefficient. 
cent difference is again of the same order as the change in heat-transfer coef- 
ficient plotted in figure 5. 

The per- 

It is significant to note that this increase in heat Oransfer could be 
duplicated only under certain test conditions. &ny attempts to produce this 
instability effect resulted in failure when the flow interruption was of in- 
sufficient duration to allow the wall temperatures to reach a finite level. 
Data obtained at higher flow rates also failed to exhibit this trend, even 
though the flow perturbation was of sufficient magnitude. 

DISCUSSION 

Boiling-Flow Regimes 

At the present time the apparatus used in the experimental investigation 
cannot be used to obtain a visual indication of any changes that might occur in 
the flow regime as a result of the flow perturbation. Therefore, explanations 
are made and conclusions are drawn about the observed changes in heat-transfer 
rates from the visual studies of two-phase flow discussed in the literature. 

It is postulated that the change in heat-transfer rates is due to a tran- 
sition from highly subcooled nucleate boiling to slug-flow boiling. 
nucleate-boiling regime existing before the flow instability is characterized 
by the formation of bubbles on the heated wall, which depart from the surface' 
while still quite small and condense in the fluid bulk. 
ferred away from the wall by means of turbulent mixing as a result of the ve- 
locity gradient and the mass transfer caused by bubbles departing from the sur- 
face. 

The 

The heat is trans- 
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The postulated slug-flow regime existing a f t e r  the i n s t a b i l i t y  can be 
described as containing a mixture of vapor voids, l iqu id  droplets,and Taylor 
bubbles surrounded by a th in  l iqu id  f i l m  on the w a l l .  
essent ia l ly  due t o  turbulent mixing after conduction through the  th in  l iqu id  
boundary layer .  
creased heat-transfer coefficients obtained in  this slug-flow regime. 

The heat t ransfer  is  

The violent ag i ta t ion  of the f l u i d  is responsible for  the  in- 

C-67455 (a) Bubbly flow. 

Figure 7. - Water boil ing in vertical, resistance-heated tube under Earth gravity (ref. 5). 

Slug F l o w  Under Earth-Gravity Conditions 

(b) Slug flow. 

Slug flow is  reported i n  referenee 5 fo r  saturated and nearly saturated 
boiling under Earth-gravity conditions. The two photographs i n  figure 7 a r e  
presented as a visual indication of the  types of flow that can ex i s t  i n  sub- 
cooled boiling. 
showing water boil ing in a v e r t i c a l  resistance-heated tube. 
from bubbly t o  slug flow i n  an Earth-gravity environment w a s  effected i n  t h i s  
case by increasing the heat input. In  both cases the i n l e t  water temperature 
was 3 7 O  below saturation conditions. It is s ignif icant  t o  note that the tran- 
s i t i o n  took place even though calculations showed t h a t  the heat input was  in- 
suf f ic ien t  t o  saturate  the f lu id .  An.explanation of t h i s  phenomenon, obtained 
from reference 6,is presented la ter  i n  this discussion. 

The pr in ts  were obtained from a f i l m  supplement t o  reference 6 
The t rans i t ion  

Slug Flow Under Zero-Gravity Conditions 

The t rans i t ion  from bubbly t o  slug flow under Earth-gravity conditions, 
as shown i n  figure 7, required an increase i n  qua l i ty  that w a s  caused by an in- 
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crease i n  heat input t o  the tube. 
t i on  indicate that a similar t r ans i t i on  took place i n  a highly subcooled l i q u i d  
under zero-gravity conditions. The heat input t o  the tube was held constant 
during the zero-gravity t ra jectory,  but the increase i n  quali ty,  i n  t h i s  case, 
was a r e s u l t  of the rapid increase i n  wal l  temperature caused by a momentary 
flow interrupt ion.  It is postulated that, f o r  the period of zero flow, the 
absence of the buoyancy force contributed t o  the  rap id  coalescence of the in- 
creased bubble population t o  force the change i n  the flow pattern.  After the 
flow r a t e  recovered, the  increased heat-transfer coeff ic ients  supported the 
l e v e l  of qual i ty  required t o  maintain s lug flow. 

The data obtained i n  the present investiga- 

Tests were run with the apparatus under Earth-gravity conditions t o  estab- 

A duplication of test  conditions that produced the t rans i t ion  in zero 
l i s h  the  need for  a zero-gravity environment t o  allow the flow t r ans i t i on  t o  
occur. 
gravi ty  could not do so in the gravi ty  f i e ld .  As  a r e su l t ,  it is suggested 
that the  presence of the buoyancy force prevents or minimizes bubble coales- 
cence, which is  a requirement f o r  the change i n  the flow pat tern.  

Degree of Nonequilibrium 

The existence of two d i s t i n c t  flow regimes under ident ica l  t e s t  conaitions 
i n  a zero-gravity environment can be explained i n  terms of thermodynamic equi- 
librium. In  reference 6 the experimental data that were presented showed the 
existence of a highly nonequilibrium boiling two-phase flow system. 
graphic evidence presented i n  reference 6 showed tha t  considerable volumes of 
vapor could coexist  with subcooled l iqu id .  
balance i n  and out of a cross-sectional control  volume in  the boiling f l u i d  
was considered. The amount of vapor t h a t  can e x i s t  i n  a subcooled flow i s  
based on the net  r e s u l t  of the r a t e  of evaporation a t - t h e  w a l l  plus the vapor 
entering the volume minus the r a t e  of condensation i n  the stream. The r e su l t s  
showed that, the more heat expended fo r  evaporation, the l e s s  available as sen- 
s i b l e  heat and the fa r the r  the system from thermal equilibrium. The degree of 
nonequilibrium therefore depends on the difcerence between the r a t e s  of evapo- 
r a t ion  and condensation. Controlling parameters f o r  these two heat-transfer 
processes a re  numerous. The r a t e  of evaporation is a function of heat f lux,  
surface conditions, subcooling, and flow r a t e .  The r a t e  of condensation de- 
pends on the i n i t i a l  bubble velocity, the turbulence of the flow, and the 
amount of subcooling. 

Photo- 

To explain t h i s  phenomenon, a heat 

It is postulated that a similar highly nonequilibrium s t a t e  ex i s t s  i n  the 
zero-gravity.flow regime described i n  t h i s  report .  During the flow ins t ab i l -  
i t y ,  the zero-flow condition increased the bubble population, which coalesced 
i n t o  large voids. 
turbulence resul ted i n  a decreased condensation r a t e .  
nonequilibrium two-phase regime, which pers is ted even a f t e r  the flow r a t e  re -  
covered. The drop i n  w a l l  temperature recorded a t  t h i s  time was a d i r ec t  re- 
s u l t  of more heat being expended f o r  evaporation than before the in s t ab i l i t y .  
Photographic s tudies  would be an invaluable aid in attempting t o  determine the 
r a t e s  of evaporation and condensation t h a t  could ex i s t  under d i f fe ren t  t e s t  
conditions. 

This reduction i n  the l i qu id  vapor interface and the lack of 
The r e s u l t  was a highly 
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CONCLUDING REMARKS 

The r e su l t s  of the  present investigation show tha t  two d i s t inc t  types of 
subcooled boiling flow can ex i s t  under iden t i ca l  t e s t  conditions i n  a gravity- 
f r ee  environment. 
t o  force the t rans i t ion  from one t o  the other.  
was i n i t i a t e d  by a momentary flow interrupt ion.  
highly subcooled bubbly flow t o  a slug flow resul ted i n  increases i n  heat- 
t ransfer  coeff ic ient  of the order of 16 percent. 
considered t o  be close t o  thermal equilibrium, but the slug-flow regime was 
described a s  exis t ing i n  a highly nonequilibrium s t a t e .  
heat-transfer coeff ic ient  i n  both flow regimes can be used as  a measure of the 
degree of nonequilibrium tha t  ex i s t s .  

Since both types of flow pers i s t ,  a perturbation is required 
I n  t h i s  case, the i n s t a b i l i t y  
The pos tubted  change from a 

The bubbly-flow regime was 

The difference i n  

Further studies a re  being made t o  attempt t o  map out the conditions that 
must e x i s t  t o  cause the t rans i t ion  t o  occur. It has been established tha t  the 
magnitude of the perturbation and the i n i t i a l  veloci ty  of the f l u i d  a r e  signi- 
f i can t  parameters. Experimental data show tha t ,  when the perturbation is too 
small and/or the veloci ty  is too high, the t rans i t ion  does not take place. A 
duplication of t e s t  conditions t h a t  produced the t r ans i t i on  i n  a zero-gravity 
environment f a i l ed  t o  do s o  under Earth-gravity conditions. 
make use of the heat-transfer phenomenon described i n  t h i s  paper must be pre- 
ceded by much more investigation. 

Any attempt t o  

Lewis Research Center 
National Aeronautics and Space Administration 

Clevelana, Ohio, January 2, 1964 
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